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Abstract
This paper studies the feasibility of vibration energy harvesting using a Halbach array. A
Halbach array is a specific arrangement of permanent magnets that concentrates the magnetic
field on one side of the array while cancelling the field to almost zero on the other side. This
arrangement can improve electromagnetic coupling in a limited space. The Halbach array
offers an advantage over conventional layouts of magnets in terms of its concentrated
magnetic field and low-profile structure, which helps improve the output power of
electromagnetic energy harvesters while minimizing their size. Another benefit of the Halbach
array is that due to the existence of an almost-zero magnetic field zone, electronic components
can be placed close to the energy harvester without any chance of interference, which can
potentially reduce the overall size of a self-powered device. The first reported example of a
low-profile, planar electromagnetic vibration energy harvester utilizing a Halbach array was
built and tested. Results were compared to ones for energy harvesters with conventional
magnet layouts. By comparison, it is concluded that although energy harvesters with a
Halbach array can have higher magnetic field density, a higher output power requires careful
design in order to achieve the maximum magnetic flux gradient.
(Some figures may appear in colour only in the online journal)
1. Introduction
Vibration energy harvesting concerns the conversion of
ambient mechanical energy present in the environment
into electrical energy by employing specific transduction
mechanisms [1]. The three main types of transducers used
in vibration energy harvesting are piezoelectric, electrostatic
and electromagnetic. The former two transducers usually have
simple structures and are relatively straightforward to realize
in a planar geometry. However, electromagnetic transducers,
due to the use of permanent magnets, are normally quite
bulky by comparison [2]. One can design and fabricate a
planar electromagnetic energy harvester in the micro-scale.
However, the output power of micro-electromagnetic energy
harvesters is significantly lower compared to that of their
macro-counterparts [3]. Therefore, it is necessary to develop
a solution to planar electromagnetic energy harvester that can
produce useful amount of energy in macro-scale.
1 Author to whom any correspondence should be addressed.
A Halbach array can offer a solution to minimize
electromagnetic energy harvesters in macro-scale. A Halbach
array is a specific arrangement of permanent magnets that
concentrates the magnetic field on one side of the array
while cancelling the field to almost zero on the other side.
This arrangement can improve electromagnetic coupling in
a limited space. There are two types of Halbach arrays,
i.e. flat Halbach arrays and Halbach cylinders. Flat Halbach
arrays have wide application ranging from fridge magnets
to high-technology applications such as wiggler magnets
used in particle accelerators and free electron lasers [4].
Applications of Halbach cylinders include brushless AC
motors [5], magnetic coupling and high field cylinders [6].
However, the application of Halbach arrays in vibration
energy harvesting has not yet been reported. The characteristic
of the flat Halbach array is beneficial to the planar
electromagnetic energy harvester as it only requires one set
of magnets rather than two as presented previously [7–9] to
achieve high magnetic flux density as shown in figure 1.
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Figure 1. (a) Two sets of magnets. (b) Halbach array.
Figure 2. Halbach array.
Figure 3. Principle of the Halbach array. (a) Main magnets,
(b) transit magnets and (c) Halbach array.
Furthermore, the majority of existing vibration energy
harvesters are out-of-plane [1], i.e. the vibration direction is
parallel to the thickness of the energy harvester. This kind
of device requires sufficient space out-of-plane to allow the
inertial mass to oscillate freely, which makes them thick. In
comparison, the inertial mass of an in-plane energy harvester
oscillates perpendicularly to the thickness of the harvester,
which makes the harvester planar and potentially allows
increased excisions of the mass.
This paper studies the feasibility of vibration energy
harvesting using a Halbach array. The principle of the
Halbach array is first introduced followed by the presentation
of a low-profile, planar electromagnetic energy harvester
including design, fabrication and experiment results. The
energy harvester with a Halbach array is compared to that
of conventional magnet layouts and the results are discussed.
Finally, methods to further improve the performance of
vibration energy harvesters using Halbach arrays are
presented and simulation results are given.
2. Halbach array
A typical flat Halbach array is shown in figure 2. The magnetic
flux is concentrated on one side of the array (active-side) and
there is comparatively little magnetic flux on the other side
(quiet-side).
Figure 3 shows the principle of the Halbach array. The
Halbach array consists of two sets of magnets, i.e. main
magnets and transit magnets. The superimposition of the
magnetic flux caused by the main magnets, B1, and the transit
magnets, B2, leads to the situation where the magnetic field
of one side of the Halbach array is the sum of the magnetic
fields (B1 + B2) while the magnetic field of the other side
of the Halbach array is the difference between the magnetic
fields (B1−B2). When the magnetic field strength of the main
magnets is close to that of the transit magnets, one side of the
Halbach array has a doubled magnetic field strength while the
other side has an almost-zero magnetic field.
3. The planar electromagnetic energy harvester
3.1. Overview
Figure 4 shows the construction of the new planar
electromagnetic energy harvester. There are two coils attached
to the case. A meander spring carries the Halbach array and
the inertial mass is clamped on the case. The skin of each case
is 0.5 mm thick. Both coils and the Halbach array are 1 mm
thick. Half-mm thick gaps were left between the Halbach
array and coils as well as between the Halbach array and
the case to allow the resonator to move freely. Therefore,
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Figure 4. Breakdown of different components in the planar electromagnetic energy harvester.
Figure 5. Operation of the planar electromagnetic energy harvester.
the assembled electromagnetic energy harvester has a total
thickness of only 4 mm.
The principle of operation of this planar electromagnetic
energy harvester is illustrated in figure 5. Relative motion
between the coils and the Halbach array generates electrical
current. Unlike most existing vibration energy harvesters,
this planar electromagnetic energy harvester has an in-plane
displacement, which allows more space for the resonator to
move within a low-profile structure.
3.2. Design and fabrication
3.2.1. Halbach array. The Halbach array in the energy
harvester consists of seven permanent magnets. Each of them
has dimensions of 16 mm × 4 mm × 1 mm. Therefore, the
overall dimensions of the Halbach array used in the energy
harvester are 16 mm × 28 mm × 1 mm. To provide a
strong magnetic field, a permanent NdFeB magnet was used.
The magnetic field strength of this Halbach array was first
predicted in Maxwell 3D v10. Figure 6 shows the simulation
result. It is found that at 1 mm below the magnets, the
magnetic field strength is about 0.2 T at the active-side and
0.02 T at the quiet-side. The orientation of these magnets is as
in figure 2.
Figure 6. Simulation result in Maxwell 3D.
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Figure 7. Top view of the spring and frame.
3.2.2. Spring frame. Figure 7 shows the spring and frame. It
is made of BeCu for its good mechanical properties, especially
its fatigue strength [10]. The structure has a meander spring
that allows the resonator to move in-plane and achieves a
low resonant frequency in a low-profile structure. In addition,
the spring was designed to be stiff enough to prevent the
resonator from oscillating in other directions. There is a frame
connected to the spring. It holds the Halbach array and the
inertial mass. The resonant frequency of the resonator can
be adjusted by selecting the appropriate mass to add before
installation.
3.2.3. Coil. Two identical coils were used in the energy
harvester. Each coil has an outer and inner diameter of 12 mm
and 1 mm, respectively. They are both 1 mm thick and each
has about 4300 turns. Each coil was made of 30 µm thick
copper wire and their resistances were measured as 2050 
and 2056 , respectively. The two coils were connected in
series to provide high output voltage.
3.2.4. Final device. The housing of the electromagnetic
energy harvester has dimensions of 55 mm× 55 mm× 4 mm.
Figure 8 shows the base of the energy harvester with two coils
attached to it.
Figure 9 shows the resonator of the energy harvester. Four
tungsten pieces were placed at the free end of the resonator to
increase the inertial mass. Each of them has dimensions of
5 mm × 3 mm × 0.6 mm and the total extra inertial mass
was measured as 0.7 g. The resonator was placed on top of
the coils with a 0.5 mm gap in-between. When assembling
the energy harvester, a 0.5 mm thick plastic piece was placed
between coils and magnets while adjusting the clamping. The
Figure 8. Base of the energy harvester.
Figure 9. Resonator with a Halbach array.
plastic piece was then removed and a 0.5 mm gap was left.
The resonator was fixed to the housing of the energy harvester
using screws.
Figure 10 shows the modal analysis of the resonator in
ANSYS. The resonant frequency of the structure in the first
mode was found to be 43.7 Hz. In this mode, the Halbach
array moves mainly in x-axis and has no displacement in
z-axis. This is the mode that the energy harvester works in.
Simulation results also show that the resonant frequencies
of the structure in the second and third mode are 62.6 and
84.7 Hz, respectively. In the second mode, the resonator
moves only in z-axis. If the resonator works in this mode, coils
below the Halbach array will be damaged. Movement in this
mode should be avoided. Although the resonant frequency in
the second mode is not very far from that in the first mode, it
will not be an issue once the energy harvester is not excited at
this frequency. In the third mode, the resonator moves only in
y-axis. When the resonator works in this mode, the magnetic
field cutting the coils hardly changes, thus little electrical
energy can be generated. Table 1 lists properties of materials
used in the simulation.
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Figure 10. Modal analysis of the resonator in ANSYS. (a) Undeformed model, (b) first mode (fr1 = 43.7 Hz), (c) second mode
(fr2 = 62.6 Hz) and (d) third mode (fr3 = 84.7 Hz).
Table 1. Properties of materials used in the simulation.
Material
Young’s
modulus (GPa)
Poisson’s
ratio
Density
(kg m−3)
BeCu (spring) 117 0.34 8 800
NdFeB
(Halbach array)
152 0.28 7 400
Tungsten (mass) 345 0.28 19 250
Table 2. Magnetic field strength of Halbach array (measured 1 mm
from the magnets).
Magnetic field
strength (T)
Halbach array Active-side (A) 0.14
Quiet-side (A′) 0.016
Main magnet array
only (B, B′)
0.09
Transit magnet array
only (C, C′)
0.07
4. Experimental results
4.1. Measurement of magnetic field strength
The magnetic field strength of the Halbach array was
measured using a gauss meter (GMET H001 by Magnet Sales
and Service Limited [11]). Locations where measurements
were taken are shown in figure 11. Measured peak values
are shown in table 2. It is found in practice that the field at
the active-side is not exactly the sum of the two magnetic
fields as shown in figures 2(a) and (b). In addition, the field
at the quiet-side is not exactly the difference between these
(a)
(b)
(c)
Figure 11. Measurement locations of the magnetic field.
(a) Halbach array, (b) main magnet array only and (c) transit magnet
array only .
two magnetic fields. This is due to the discrete magnets used.
Field strength on the active-side is about 9 times that on the
quiet-side.
4.2. Experimental setup
The energy harvester was tested on a shaker as shown in
figure 12. As mentioned earlier, the energy harvester has an
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Figure 12. Experimental setup.
Figure 13. Open-circuit voltage (RMS).
in-plane displacement. Therefore, the energy harvester was
placed in the direction that its thickness direction is vertical to
the vibration direction. With the added tungsten mass of 0.7 g,
the resonant frequency of the energy harvester was found to be
45 Hz. The total coil resistance was measured as 4.11 k.
4.3. Experimental results
In the experiment, the energy harvester was excited at
vibration levels of 0.1, 0.2, 0.3, 0.4 and 0.5g (1g = 9.8 m s−2).
Figures 13–15 show the open-circuit RMS voltage, average
output power at various resistive loads and average output
power at the optimum resistive load of the energy harvester
at various vibration levels, respectively. It is found that
the energy harvester showed slightly soft nonlinearity. The
optimum resistive loads (Ropt) vary according to vibration
levels as shown in figure 13 and are in the range of
Figure 14. Output RMS power versus load resistance.
Figure 15. Output RMS power at the optimum resistive load.
3900–4400  which are close to the total coil resistance of the
device. The maximum output power of the energy harvester is
around 150 µW at 500 mg which is sufficient for powering
wireless sensor nodes.
4.4. Comparison of Halbach array with conventional layouts
Energy harvesters with four conventional layouts of magnets
were studied to compare with the Halbach array. As shown in
figure 16, two, three, five and seven permanent magnets were
used in layout 2, layout 3, layout 4 and layout 5, respectively.
The total width of the magnet array is the same as that of
the Halbach array, i.e. 28 mm and widths of magnets of
each layout are list in table 3. The colour in cells in table 3
corresponds to that in figure 16.
Figure 17 shows simulation results of magnetic field of
layout 2, 3, 4 and 5. Table 4 compares the magnetic field
strength measured at different positions in different layouts.
Measurements were taken in the centre of each magnet and
average values were listed. It is found that magnetic field
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(a)
(b)
(c)
(d)
Figure 16. Conventional layouts of magnets. (a) Layout 2: two magnets, (b) layout 3: three magnets, (c) layout 4: five magnets and (d)
layout 5: seven magnets .
Table 3. Width of each magnet in different layouts.
strength in the Halbach array is the highest among the five
layouts.
Energy harvesters with magnets of layout 2, 3, 4 and
5 were tested. The same spring and total mass were used,
which gave the respective energy harvester the same resonant
frequency as the energy harvester with the Halbach array,
i.e. 45 Hz.
Figure 18 compares open-circuit voltage and maximum
average output power of the Halbach array energy harvester
and the energy harvesters with two and three magnets.
Experimentally, it is found that the energy harvester with
layout 2 has a much lower output voltage and power than
the other energy harvesters due to its very weak magnetic
field. The Halbach array and layout 3 have similar magnetic
7
Smart Mater. Struct. 21 (2012) 075020 D Zhu et al
(a) (b)
(c) (d)
Figure 17. Simulation results of magnetic field of layout 2, 3, 4 and 5. (a) Layout 2: two magnets, (b) layout 3: three magnets, (c) layout 4:
five magnets and (d) layout 5: seven magnets.
(a) (b)
Figure 18. Comparison of output voltage and power among the Halbach array, and layouts 2 and 3. (a) Open-circuit voltage. (b) Maximum
average output power.
Table 4. Comparisons of measured magnetic field strength in
different layouts of magnets.
Layout of magnets
Magnetic field strength (T)
measured x mm from the
magnets
x = 0 x = 0.5 x = 1
Halbach array 0.26 0.21 0.14
Layout 2 0.077 0.074 0.073
Layout 3 0.137 0.122 0.108
Layout 4 0.16 0.131 0.116
Layout 5 0.21 0.158 0.136
flux distribution on the side where the coils are placed. The
magnetic field strength of the Halbach array is 44%, 35%
and 16% higher than that of layout 3 at positions 0, 0.5 and
1 mm from the magnets, respectively. It is found that when
the vibration level is low, that is when the magnetic field
flux through the coil does not change much, both open-circuit
voltage and average power is similar for the energy harvester
with Halbach array and layout 3. When the vibration level
is increased so that the displacement of the magnets is
comparable to the outer diameter of the coil, the output
voltage and power of the Halbach array energy harvester
become higher than those of the energy harvester with layout
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(a) (b)
Figure 19. Comparison of output voltage and power among the Halbach array, the layout 4 and 5. (a) Open-circuit voltage. (b) Maximum
average output power.
3. This is because a higher magnetic flux gradient through the
coil occurs in the case of Halbach array.
As shown in figures 5 and 16(b), the Halbach array and
layout 3 show similar magnetic flux distribution on the side
where coils are placed, which means that both magnet sets
move same distance to achieve their respective maximum
magnetic flux change through the coil. Therefore, layout 3
is a fair reference to judge the performance of the Halbach
array with the current coil positions. The output power of the
energy harvester with a Halbach array is 40% higher than that
with layout 3 when the magnets and coils are fully engaged,
i.e. the displacement of the magnet set is comparable to the
outer diameter of the coil.
Figure 19 compares open-circuit voltage and maximum
average output power of the Halbach array energy harvester
and the energy harvesters with four and five magnets. It was
found that output voltage and power in layout 4 and 5 are
approximately 10 times greater than those in the case of
Halbach array. This is because that although magnetic field
strength in layout 4 and 5 are weaker than that in Halbach
array, their magnetic flux gradient is higher. In layout 4, the
centre of the coil is aligned to the boundary of two oppositely
magnetized magnets. Magnetic flux through the coil changes
significantly as soon as the magnet set moves. Therefore, it has
greater output power than layout 5 whose coil is not aligned
to the boundary of two magnets under vibration lower than
0.5g. In layout 5, as each magnet is narrower compared to
that in layout 4, the magnet set does not need to travel long
distances to achieve a high magnetic flux change through the
coil. When the displacement of the magnet set is longer than
the width of the magnet, direction of magnetic flux through the
coil changes twice in one stroke. In such cases, the magnetic
flux gradient in layout 5 is similar to or greater than that in
layout 4. Therefore, output of power of layout 5 under higher
acceleration (≥0.5g) is close to that of layout 4. However, in
the case of the Halbach array, the existence of transit magnets
implies that the magnet set has to move a long distance before
the magnetic flux though the coil changed significantly. For
this particular arrangement of magnet set and coils, although
the absolute amount of magnetic flux change in the Halbach
array is greater than those in layout 4 and 5, the magnetic flux
gradient, thus the output power is lower.
5. Future work
As analysed in section 4.4, the existence of transit magnets in
the Halbach array makes it hard to achieve a high magnetic
flux gradient. As a result, the output power of the generator
with a Halbach array is lower than generators with normal
magnet layouts due to their greater magnetic flux gradient,
despite the larger magnetic field. To overcome this drawback,
a double Halbach array shown in figure 20(a) can be used.
It consists of two Halbach arrays whose magnetization
directions are opposite. Their respective active-sides are on
the same side (both in negative z-direction in figure 20(a)).
When coils are placed beneath the double Halbach array and
the whole array moves in the y-direction, a greater magnetic
flux gradient can be achieved through the coils as normal
magnet layout as shown in figure 20(b). As the double
Halbach array has a higher magnetic flux density than the
normal magnet layout, the generator with the double Halbach
array has even greater magnetic flux gradient and thus, higher
output power.
Figure 21 compares simulation results of magnetic field
of the two magnet layouts shown in figure 20. The total
dimensions of these two layouts are both 28 mm(y) ×
16 mm(x) × 1 mm(z), which are same as those presented
earlier in this paper. In the double Halbach array, the magnetic
flux density taken 1 mm beneath the centre of the main
magnets is predicted to be 0.175 T. In the normal four-magnet
layout, the magnetic flux density taken at the same location
is predicted to be 0.11 T. The magnetic flux density in
the double Halbach array is 37% higher than that in the
normal four-magnet layout. As the output voltage of an
electromagnetic generator is proportional to the magnetic flux
gradient, hence, the magnetic flux density, the generator with
the double Halbach array is expected to produce a 37% higher
9
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(a) (b)
Figure 20. Magnet layouts to be studied in future research. (a) Double Halbach array. (b) Normal four-magnet layout.
(a) (b)
(c) (d)
Figure 21. Simulation results of magnetic field of layouts in figure 20. (a) yz plane (double Halbach array), (b) xz plane (double Halbach
array), (c) yz plane (normal four-magnet layout) and (d) xz plane (normal four-magnet layout).
output voltage if identical coils are used in both cases. This
equates to an 88% higher output power in the generator
with the double Halbach array because the output power is
proportional to the output voltage squared. Both devices will
be built and tested in future research and results will be
presented in future publications.
6. Conclusions
This paper studies the feasibility of vibration energy
harvesting using a Halbach array. A Halbach array is a
specific arrangement of permanent magnets that concentrates
the magnetic field on one side of the array while cancelling
the field to almost zero on the other side. This arrangement
can improve electromagnetic coupling in a limited space.
A low-profile, planar energy harvester consists of a 1 mm
thick Halbach array made of seven NdFeB permanent magnets
was built and tested. Field strength at the active-side is
measured to be about 9 times that at the quiet-side. The
energy harvester with a Halbach array was also compared
with those with conventional layouts of magnets. It was found
in simulation and test that the electromagnetic field strength
of the Halbach array is greater than that of conventional
layouts of magnets of the same total volume. For the particular
position of coils studied in this paper, the energy harvester
with a Halbach array does not however, have the highest
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output power. The reason is that in the case of Halbach array,
the existence of transit magnets means that the magnet set has
to move a long distance before the magnetic flux though the
coil is changed significantly. Although the absolute amount
of magnetic flux change in the Halbach array is the greatest
among all layouts studied in this paper, the magnetic flux
gradient, and therefore the output power is lower than some
layouts.
When comparing Halbach array with the layout having
similar magnetic flux distribution on the side where the coils
are, the magnetic field strength of the Halbach array is 44%,
35% and 16% higher at positions 0, 0.5 and 1 mm from
the magnets, respectively. At low vibration levels, there was
small change in magnetic flux passing through the coil. The
Halbach array does not show advantage over conventional
layouts. However, when the vibration level is increased so that
the displacement of the magnets is comparable to the outer
diameter of the coil, the energy harvester with a Halbach array
has a 40% higher output power, illustrating its potential.
Based on the preliminary investigation, a double Halbach
array has been proposed to improve the magnetic flux gradient
in the Halbach array so that higher output power can be
achieved. Simulation results show that the generator with the
double Halbach array has 37% higher magnetic flux gradient
than that with a normal four-magnet layout, which results in
an 88% higher output power in the generator with the double
Halbach array. Both devices will be built and tested in future
research and results will be presented in future publications.
In conclusion, this research has proved experimentally
that the Halbach array is able to benefit vibration energy
harvesting provided high magnetic flux gradient can be
achieved. The Halbach array offers an advantage over
conventional layouts of magnets in terms of its concentrated
magnetic field and low-profile structure, which helps improve
output power of electromagnetic energy harvesters while
minimizing their size. Another benefit of the Halbach array
is that its magnetic field is concentrated on one side while
there is an almost-zero magnetic field zone on the other side.
As a benefit of this phenomenon, electronics components
can be placed close to the energy harvester without danger
of magnetic interference, which can potentially reduce the
overall size of a self-powered device.
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